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Little  is known  how  the  brain  of the  newborn  infant  responds  to  the  postnatal  nutrition
and  care.  No  systematic  studies  exist  in which  the effects  of nutritional  and  non-nutritional
sucking  on the  brain  activity  of the  infant  were  compared.  We  recorded  the  EEG  activity  of
40 infants  at  the  ages  of  0,6,12  and  24  weeks  in  four  successive  behavioral  stages:  while  the
infants  were  hungry  and  waiting  for sucking,  during  non-nutritional  and  nutritional  suck-
ing, and during  satiation  after  completed  feeding.  Quantitative  EEG  analysis  was  performed
using  occipital,  parietal  and  central  EEG  channels.  In the  newborn  infants,  a signiﬁcant
reduction  in the  EEG  power  was  found  after  nutritional  sucking  in  the  all EEG  frequency
bands  studied  (1–10  Hz),  which  was  paralleled  by  a signiﬁcant  behavioral  alertness  decline.
This response  decayed  during  the subsequent  neonatal  period  and was  completely  absent  at
the  age  of  12 weeks.  In 24-week-old  infants,  nutritional  sucking  was  accompanied  with  an
increase in  rhythmic  theta  activity  during  which  no  signiﬁcant  alertness  change  took  place.
Non-nutritional  sucking  was  connected  with  minor  and  non-signiﬁcant  effects  on  the  EEG.
We conclude  that  in  newborn  infants  nutritional  sucking  has  a direct  effect  on  the  EEG,
which  has  a soothing  character  and  is  connected  with  an  alertness  decline.  In  24-week-old
infants  the  response  to nutritional  sucking  is  of a different  type  and  consists  of an  orga-
nized,  rhythmical  theta  activity  in  the  EEG  not  directly  linked  with  alertness  change.  Our
ﬁndings  suggest  a developmental  relationship  between  nursing  and  infant  brain  function
with  plausible  affective  and  cognitive  implications.
©  2016  The  Authors.  Published  by  Elsevier  Inc. This  is  an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Understanding the impact of care and interaction for the development of the brain of the infant has considerably grown
during recent years (Als et al., 2004; Gerhardt, 2004; Meaney & Szyf, 2005; Trevarthen, 2003). Yet, surprisingly little infor-
∗ Corresponding author at: Faculty of Health Sciences, Clinical Institute, Psychiatry, University of Eastern Finland, 70210 Kuopio, Finland.
E-mail  address: johannes.lehtonen@ﬁmnet.ﬁ (J. Lehtonen).
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0163-6383/© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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ation is available how the brain of the human newborn responds to the nutrition and care that is necessary for survival
fter the birth and the ending of the placental function.
When the human infant adapts to the new conditions of life outside the womb, an array of physiological and homeostatic
echanisms are involved (Atzil, Hendler, Feldman, 2011; Uvnäs-Moberg, 1998; Uvnäs-Moberg, Marchini, Winberg, 1993;
vnäs-Moberg, Johansson, Lupoli, Svennersten-Sjaunja, 2001; Zanardo et al., 2001). Effective soothing mechanisms are
equired for the infant to recover from the turmoil caused by the strong arousal (the catecholamine storm) that follows
he passing of the birth channel (Koch 2009; Lagercrantz & Changeux, 2009). External care has an important role in its
astering and its soothing effects can have an impact on the homeostatic, affective and cognitive development of the
nfant (Futagi, Ishihara, Tsuda, Suzuki, Goto, 1998; Maulsby, 1971; Paul, Dittrichova, Papusek, 1996). Evidence in support
f a connection between the duration of breastfeeding and cognitive development has also been gained in epidemiological
tudies (Leventakou & Roumeliotaki, 2013; Mortensen, Michaelsen, Sanders, Reinisch, 2002; Victora et al., 2015).
The feeding and nursing procedures are thus likely to participate in the development of the capacity to regulate the eating
nd wake-sleep patterns of the infant (Ashton, 1971; Soltis, 2004). Systematic studies on the soothing effects of nutritive and
on-nutritive sucking on the EEG activity are, however, lacking. Also knowledge of how the neurophysiological responses
o external care mature during the ﬁrst months of life is scarce.
We have previously described breast- and bottle-feeding related changes in the EEG of newborn and 24-week-old infants
Lehtonen et al., 1998; Lehtonen, Könönen, Purhonen, Partanen, Saarikoski, 2002). For studying in more detail the develop-
ental course of the effects of sucking on the EEG and their relationship with behavioral alertness, we have designed a new
tudy sample of infant–mother pairs in which we have made a systematic comparison of nutritive and non-nutrive sucking
ver the time from newborn to 24-week-old infants. We  have also used more advanced signal analytic and statistical tech-
iques to follow the changes of the EEG power during the feeding cycle from hunger to non-nutritive and nutritive sucking
nd the postfeeding satiation while simultaneously monitoring the behavioral variation of the alertness of the infant.
. Methods
.1. Subjects
Forty healthy infant − mother pairs volunteered as subjects. They were recruited from the maternal ward of the Kuopio
niversity Hospital in Finland. Informed consent was  obtained from the mothers. The mean duration of the pregnancy was
9.9 weeks. Thirty mothers had vaginal delivery and 10 had Cesarean section. Mean birth weight was  3512 g and the mean
pgar score was  9/9 (immediate/5 min  after birth). The mothers were informed on the nature of the study. All mothers
rovided a written informed consent. After the recording, the mothers were given information on the normality of the EEG
f their baby (Scher, 1989). The study was approved by the local ethical committee.
.2. The recording procedure
To follow the dynamics of the EEG over the whole feeding cycle (FC) from hunger through non-nutritive and nutritive
ucking to post-feeding satiation, EEG was recorded in four situations: before feeding, i.e. hungry infant, (Hunger, H), during
on-nutritive sucking (Paciﬁer, P), during breastfeeding (Feeding, F) and after feeding (Post-Feeding, PF). The investigation
ncluding the introduction of the mother-infant pair to the study setting, providing information and agreeing of consent,
reparation for the EEG recording, sampling the EEG activity during the consecutive FC stages and ending the session took
ltogether in average 1 h 20 min  of which the average time of recording the EEG activity was 20 min. The protocol was
epeated at four ages (newborn and at 6, 12 and 24 weeks). As we have previously shown that bottle-feeding is connected
ith similar, but lower-intensity effects as breast-feeding (Lehtonen et al., 1998), we  did not include bottle-feeding to the
resent protocol.
Scalp EEG was recorded with Neuroscan Synamps ampliﬁer (Neuroscan Inc., Sterling, Virginia). The electrodes were
laced according to the international 10–20 system, with the reference electrode on the nose. The other electrodes were
laced to C4, C3, P4, P3, T6, T5, O2, and O1. Frontal electrodes were not used because the frontal cortical areas are not
roperly functional during the neonatal period due to the slow myelination of these areas (Chugani, Phelps, Mazziotta,
987; Kinney, Brody, Kloman, Gilles, 1988). EEG signals were ampliﬁed and ﬁltered with a bandpass of 03–100 Hz and
igitized continuously at 500 Hz. All recordings were stored for post-recording analysis. In addition to EEG, electromyogram
EMG) from submental muscles, horizontal eye movements, heart rate variability (HRV) and sympathetic skin reaction (SSR)
ere also recorded. The HRV ﬁndings in relation to the feeding status have been published previously (Lappi et al., 2007).
.3. The behavioral state of the babies
The intention was to start the recording when the infant was  hungry, usually at a time between 10 and 12 am,  which was
ariably successful. The behavioral state of the infant varied at the start of the session from alert hungry to restless crying
r drowsy. Waiting for a suitable moment to start the recording varied therefore considerably between the infants causing
ariance in the length of the session. All infants’ alertness state was estimated at all ages with the ﬁve-level Prechtl-scale of
lertness (Prechtl, 1972) before, during and after breastfeeding.
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Table  1
Number of participants from whom data were successfully acquired during the follow-up period from birth to the age of six months.
Age
Newborn 6 weeks 12 weeks 24 weeks Totals
Feeding cycle Hunger (H) 36 (40) 27 (40) 23 (40) 25 (40) 111 (160)
Paciﬁer (P) 31 (40) 20 (40) 22 (40) 18 (40) 91 (160)
Feeding (F) 39 (40) 31 (40) 30 (40) 26 (40) 126 (160)
Post-feeding (PF) 40 (40) 33 (40) 30 (40) 27 (40) 130 (160)
Total 146 (160) 111 (160) 105 (160) 96 (160) 458 (640)
Unbalanced repeated measures design (Age and Feeding cycle within subjects factors, between subjects factor Infant). 40 infant-mother pairs participated
in  the study. In parenthesis the balanced design (missing 28% of total).
While forty infant-mother pairs participated in the study at the neonatal stage, the number of participants dropped at the
consecutive ages so that at the age of 24 weeks 27 infants were studied. The main reason for dropout was lack of motivation.
In addition, some babies did not use paciﬁer and in some babies technical problems interfered with the recording at some
stage of the protocol resulting in lack of data in one or more behavioral states in the protocol. Table 1 lists the number of
participants from whom data were successfully acquired.
2.4. Signal processing
We  analyzed the bipolar centro-parietal (C4–P4, C3–P3) and temporo-occipital (T6–O2, T5–O1) derivations as well as the
monopolar (nose reference) occipital (O2, O1), temporal (T6, T5) and parietal (P4, P3) derivations. At every age, and for each of
the four behavioral states, 4 representative artifact-free 8-s EEG epochs were selected from the EEG for quantitative spectral
analysis. The power spectrum of each epoch was  computed using a Welch’s periodogram method (4-s Hanning window with
50% overlap), and the average of the spectra of the four epochs was computed. The spectrum was then divided into 8 narrow
frequency bands: 1–2 Hz, 2–3 Hz, 3–4 Hz, 4–5 Hz, 5–6 Hz, 6–7 Hz 7–8 Hz and 8–10 Hz. The power of each frequency band was
computed by integrating the power-spectrum values over the speciﬁc band. Similarly, amplitude values were obtained by
integrating amplitude-spectrum values (the square root of the power spectrum). The spectrum-estimation procedure was
repeated for every above-mentioned EEG channel. Finally, we  selected for quantitative analysis the obtained band powers
logarithmically transformed to decibels (dB). Moreover, for evaluating the relative share of each band, relative amplitude
values were obtained by dividing the amplitude of each band in the different FC-states with the total amplitude obtained by
integrating the amplitude-spectrum values over all frequencies. Thus 16 EEG parameters from every channel were acquired
and used in the statistical analysis separately.
2.5. Statistical analysis
Table 1 presents the number of available measurements for the (unbalanced) repeated measures design; the number
of data points for the balanced case is shown as well. The resulting design is close to a proportional case with no empty
cells. To deal with the missing values, the effects of the FC, age and their interaction were tested with univariate analysis of
variance (ANOVA). The selected linear model had two  main ﬁxed factors (Age, FC), their interaction, and a random between-
subjects factor (Infant). The statistical analysis was  performed in Matlab, The MathWorks, Inc. (Statistics toolbox, function
anovan) based on the Type III sum of squares. To compensate for the possible violation of sphericity we computed tests based
on adjusted degrees of freedom (Milliken & Johnson, 1992) assuming maximum non-sphericity (lower bound for epsilon).
Additionally, to test the individual pairs for signiﬁcant differences, we  considered Bonferroni multiple comparisons based
on the population marginal means for unbalanced designs (Milliken & Johnson, 1992, Matlab function multcompare).
3. Results
3.1. Behavioral ﬁndings
Table 2 presents the mean scores for the Prechtl scale. Newborns were less active than infants in the other ages in all
situations. The broadest variation of the behavioral states occurred in the hunger state, especially at the ages of 12 and 24
weeks. At that time some of the babies were very hungry at the beginning and needed paciﬁer or immediate feeding to be
calmed. In addition to an obvious age-related development that was evident in all the babies during follow-up, a striking
change was observed in the behavioral response pattern to feeding: Newborns appeared to fall asleep after the feeding,
whereas at the age of 24 weeks, the babies remained active and curious about the surroundings
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Table  2
Prechtl-scale estimates (1 to 5) of the alertness of infants who were hungry (H), sucking (F) and after sucking (PF) at each age, mean and standard deviation
(SD).
Newborn 6 weeks 12 weeks 24 weeks
H F PF H F PF H F PF H F PF
2,7  2,5 1,6 3,4 3,2 2,8 3,9 3,6 2,8 4,0 3,8 3,7
(1,2)  (0,8) (0,8) (1,1) (0,9) (1,1) (0,8) (0,7) (1,3) (0,6) (0,6) (0,6)
H  vs F H vs PF F vs PF
– ** ** – ** * – ** ** – – –
*p < 0.05, **p < 0.01 based on two-sided paired t-test. Prechtl scale: 1 silent sleep, regular breathing, eyes closed, no movements, 2 active sleep, irregular
breathing, eyes closed, minor movements, 3 quiet awake, eyes open, no movements, 4 active awake, eyes open, substantial movements, 5 crying babble,
eyes  closed or open.
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hig. 1. EEG samples during the four conditions (Hungry, Paciﬁer, Feeding, Post-feeding) obtained from one representative baby, temporo-occipital channels
T5–O1, T6–O2).
.2. Analysis of the main effects
Fig. 1 shows EEG samples obtained during the four conditions. The effects of Age, FC and their interaction were analyzed
y means of ANOVA (section 2.5) applied separately for every channel and frequency band. Both monopolar and bipolar
lectrode derivations (section 2.4) were analyzed. The analysis was performed for band power (dB) and relative amplitude
alues.
.2.1. Effect of the age
EEG power changed clearly and signiﬁcantly with maturation in all channels and bands under study (Fig. 2). Figs. 1 and
 show the gradual increase of power according to age.
From newborn to 6 weeks, the power increased mainly in the low frequencies (1–5 Hz; Figs. 1 and 4A). The change was
ost prominent in the bipolar channels T5–O1 and T6–O2.
At 12 weeks, the EEG power had increased further, comprising also the higher frequencies (Figs. 1 and 4A), and now was
isible also in the relative amplitudes of the 2–4 Hz bands (Fig. 5A). The changes were best seen in the bipolar channels
5–O1 and T6–O2.
At 24 weeks, the power increase was mainly seen in the 4–10 Hz bands, with a slight decline in the low-frequency bands
1–3 Hz; Fig. 4A), most apparent in monopolar temporo-occipital derivations. The relative amplitudes showed a decline in
he 1–2 Hz band and a clear increase in the 4–5 Hz band (Fig. 5A).
.2.2. Effects of the feeding cycle and interaction
The effect of the Feeding Cycle (FC) on the EEG power was statistically signiﬁcant in the posterior channels at frequen-
ies 1–6 Hz (Fig. 2B). FC-related changes mainly occurred in temporo-occipital derivations. For the relative-amplitude data
Fig. 3B), however, the effects were mainly seen in the higher frequencies (6–10 Hz). Here, however, a bias caused by the
igh power of the theta band cannot be excluded.
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Fig. 2. Results of the statistical analysis on the changes of band powers with age (A), feeding cycle (B) and their interaction (C). ANOVA results presented
as  1-P, where Ps are the obtained P-values for every EEG band and channel separately. Dark lines: statistical threshold =0.05 (Bonferroni corrected on the
number of channels). Dotted lines:  = 0.05 (Bonferroni corrected on both channels and frequency bands). Grey lines:  = 0.05 (uncorrected).
Figs. 2C and 3C show the interaction between age and FC for power and relative amplitude data, respectively. For the
power data, the interaction effect was most prominent in the bands 4–5 and 5–6 Hz depending on the EEG channel, with
a predominance in the right temporo-occipital channels. The interaction effect between age and FC was  stronger for the
relative-amplitude data at temporo-occipital derivations, with a right-hemisphere predominance at 4–5 Hz and with an
apparent interaction also at higher frequencies (Fig. 5C).
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Tig. 3. Results of the statistical analysis on the changes of relative amplitudes with age (A), feeding cycle (B) and their interaction (C). ANOVA results
resented as 1-P, where Ps are the obtained P-values for every EEG band and channel separately. Dark lines: statistical threshold  = 0.05 (Bonferroni
orrected on the number of channels). Dotted lines:  = 0.05 (Bonferroni corrected on both channels and frequency bands). Grey lines:  = 0.05 (uncorrected).
.3. Follow-up analysis of the effect of the feeding cycle according to ageChanges related to the FC within each Age were analyzed by means of multiple comparisons and Bonferroni adjustments
n the interaction terms. The main effect of FC and the interaction between Age and FC, as described above, were most
rominent in the right temporo-occipital derivations. The gradual effect of Age was also best seen in the channel T6–O2.
herefore, we selected this channel for the follow-up analysis, summarized in Figs. 4 and 5, and in Table 3.
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Fig. 4. Band Powers (dB) for channel T6-O2. A. Group means and 95% conﬁdence intervals (CIs) for the Feeding Cycle within every Age. B. ANOVA results
presented as 1-P, where Ps are the obtained P-values for every EEG band seperately.Fig. 5. Relative amplitudes for channel T6-O2. A. Group means and 95% conﬁdence intervals (CIs) for the feeding cycle within every age. B. ANOVA results
presented as 1-P, where Ps are the obtained P-values for every EEG band seperately.
In newborn infants, the EEG power was signiﬁcantly lower during the post-feeding condition than during the nutritional
sucking in all frequency bands (1–10 Hz; Fig. 4A and B, Table 3). This pattern was in line with the behavioral observation of
alertness decline after feeding (Table 2, F vs. PF).At 6 weeks, the FC-related changes in the EEG power were no more signiﬁcant and the power decline after feeding was
almost inconspicuous.
At 12 weeks, the EEG pattern differed clearly from the neonatal period. The EEG power showed no consistent changes
during the FC and it did not decrease after nutritional sucking (Fig. 1, Fig. 4A).
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Table  3
Follow up analysis of the Feeding Cycle (hunger, H; non-nutritive paciﬁer sucking, P; feeding by nutritive sucking, F, and post-feeding satiation, PF) within
every Age, channel T6–O2.
Age
New Born 6 Weeks 12 Weeks 24 Weeks
Band Power
1–2 Hz F-PF – – –
2–3  Hz – – – –
3–4  Hz F-PF – – F-P
4–5  Hz F-PF – – F-H, F-P,F-PF
5–6  Hz F-PF – – F-H, F-P,F-PF
6–7  Hz F-PF, H-PF – – –
7–8  Hz F-PF – – –
8–10  Hz F-PF – – –
Relative Amplitude
1–2 Hz – – – –
2–3  Hz – – – –
3–4  Hz – – – –
4–5  Hz – – – F-H, F-P,F-PF
5–6  Hz – – – F-H, F-P,F-PF
6–7  Hz – – – –
7–8  Hz – – – F-H, F-P,F-PF
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djusted to overall  = 0.05, method Bonferroni based on all pairs and every band separately. Only statistically signiﬁcant pair differences within every age
re  reported.
At 24 weeks, a statistically signiﬁcant increase in the power of 3–6 Hz theta activity appeared during nutritional sucking,
specially in monopolar, but also in bipolar channels, representing the most apparent FC-connected ﬁnding throughout the
4-week long follow-up time (Fig. 4, Table 3). Activity also increased in 3–6 Hz band in the relative-amplitude data and
as accompanied with a signiﬁcant decrease in the 7–10 Hz frequencies (Figs. 5A and B, Table 3). Thus, in contrast to the
ore diffuse slow activity typical for the younger, especially for the neonatal infants, there was  a characteristic response in
hythmical EEG activity in infants at the age of 24 weeks.
In conclusion, the formation of a 3–6 Hz theta band was  observed only at the age of 24 weeks, with its signiﬁcant increase
uring nutritive sucking appearing as a regular, rhythmic theta activity that was desynchronized when the sucking was
nished. The feeding-connected increase in theta band was most apparent in the temporo-occipital areas, although it also
as notable in the parietal areas, but much less in the centro-parietal areas
.4. Effects of non-nutritive sucking
Post-hoc analysis revealed no signiﬁcant differences at any age of the infants when the EEG power or relative-amplitude
evels were compared between hunger and non-nutritive sucking (Table 3). It was, however, noted that the EEG power
hange from hunger to non-nutritive sucking always was a decline, whereas the change from non-nutritive to nutritive
ucking was toward increase. These changes were best seen in 6-week-old infants, while at the other ages the non-nutritive
ucking related changes were quite small (Fig. 4A).
. Discussion
To our knowledge, this is the ﬁrst systematic follow-up study of the infant’s neurophysiological responses to nutritive
nd non-nutritive sucking over the developmental period from newborn to the age of 24 weeks.
Three major ﬁndings arise from the study: 1) In newborn infants, EEG power of all frequency bands studied declines after
utritive sucking, followed by an alertness decline and initiation of sleep. 2) This effect wanes away toward the age of 12
eeks. 3) In 24-week-old infants a signiﬁcant increase of rhythmic theta activity (3–6 Hz) appears during nutritive sucking,
aralleled with a stable alertness and no clear signs of drowsiness during or after the sucking.
.1. Findings from the newborn to the age of 12 weeks
The decline of EEG power after nutritive sucking in newborn infants suggests an inhibitory, soothing effect on the brain
ctivity. As non-nutritive sucking was not followed by signiﬁcant EEG changes, the decline of the EEG power after nutritive
ucking is a real effect of feeding.Our ﬁndings concerning the newborn are novel, and have not been reported before. Their recognition required the use
f advanced signal-analytic methods and narrow 1 Hz frequency windows, compared to our previous study in which broad
and EEG-analysis and amplitude normalization were used (Lehtonen et al., 1998). The post-feeding decline of the EEG power
n newborns was evident in the whole 1–10 Hz frequency band and was  not limited to the low frequencies that dominate
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the newborn EEG. The impact of nutritive sucking on the newborn appears thus to have an unspeciﬁc nature that affects the
general activity level of the brain. It is indicative of alertness reduction and a sleep induction, which were conﬁrmed in the
behavioral evaluation using the Prechtl-scale.
The inhibitory nature of the decrease of the EEG power is in accordance with what is known about the effects of consum-
matory ingestion. It precipitates a decline in the initiating sensation and intention to consume, i.e. is followed by inhibition
of instinctual activity (Denton, McKinley, Farrell, Egan, 2009). Redundant synapses are pruned out resulting in strengthening
of the functionally important networks, like those activated by interactions between the infant and the caretaker (Francis,
Diorio, Liu, Meaney, 1999; Liu et al., 1997; Meaney & Szyf, 2005). Moreover, the inhibitory (interneuron) functions have an
important role in energy saving in the ongoing balance between excitatory and inhibitory neuronal systems in the neona-
tal brain. Neuronal inhibition enhances synaptic learning and protects against excess excitation (Vanhatalo & Kaila, 2006;
Brodal, 2010; p. 48).
By its inhibitory mechanisms the completed sucking may  reinforce the functional link between the feeding and wake-
sleep cycles. We  regard this conclusion plausible because the nutritive sucking occurs hundreds of times during the neonatal
weeks. Integration of the feeding experience with the brain’s intrinsic homeostatic regulation is, moreover, likely to promote
the vital attachment and the formation of an enduring connection between the caretaker and the infant, as demonstrated in
detail in lower mammals (Hofer & Shair 1982; Alberts & Ronca, 2012). According to Hofer (1987), the maternal relationship
therefore functions not just as a nutritive and soothing factor, but also as a developmental organizer for the networks required
for early forms of consciousness (see also Lagercrantz & Changeux, 2009).
At the age of six weeks, the FC-related changes in the EEG power were no more signiﬁcant. At 12 weeks the EEG remained
unaltered during the FC without a post-feeding decline of the EEG power. The soothing effect of nutritive sucking on the EEG
is thus limited to the neonatal age, which is likely to form a critical period in the establishing of a functional link between
feeding experience and wake-sleep regulation. In the neonatal time, nutritive sucking appears to function as an external
moderator that helps the infant to inhibit excess activation and settle down for sleep.
The neonatal period lasts approximately two months after which a second period starts during which somato-
sensory coordination and acquisition of interactional capacities are gradually attained (Emde, Gaensbauer, Harmon, 1976;
Trevarthen, 2003). The stabilization of the sleep-wake cycle is a part of this development. At the same time other signs of
physiological imbalance, such as colic-type of crying, decrease (Soltis, 2004).
At this developmental shift, the neural structures in the brain stem that regulate the sucking of food move to more rostral
brain regions from the brain-stem circuits of the dorsal vagal complex (DVC, Rinaman, 2004). The less marked alertness drop
after feeding and the waning away of the FC-related EEG changes in 6 and 12 week-old infants is in accordance with this and
suggest that the feeding experience and alertness regulation begin to be differentiated from each other at this developmental
time.
The topography of the EEG responses to nutritive sucking could not be determined accurately as only few channels were
used. The changes we found concentrated to posterior areas with a minor right-hemisphere predominance. Central channels
revealed much less responses than the temporo-occipital and parietal areas. The occurrence of EEG changes in relatively wide
posterior areas during the FC is to be expected as the mouth and lips have a wide representation the human somato-sensory
cortex (the neuroanatomical homunculus, Brodal, 2010; Kabdebon, Leroy, Simmonet, Dubois, Dehaene-Lambert, 2014). The
networks between hippocampus and posterior cortical areas may  theoretically also be involved due to their contribution
to the somato-sensory mapping of the body (Bland & Oddie, 2001), but our scalp-recorded data do not allow conclusions in
this respect.
Our ﬁndings are in accordance with known order of recruitment of brain structures after the birth. The brain of the
newborn is functional at the levels of the brain stem, midbrain, diencephalon and the posterior sensory areas of the cortex.
The motor areas follow at the age of 2–3 months and the prefrontal areas are the last ones to acquire myelination (Casey,
Tottenham, Liston, Durston, 2005; Chugani et al., 1987; Chugani, 1998; Kinney et al., 1988). Thus, it is natural that more
anterior regions were not markedly responding to FC. Physical contact during nursing is abundant and primarily stimulates
posterior cortical areas that support the evolving body schema (Marshall & Meltzoff, 2011, 2015; Mizuno, Mizuno, Shinohara,
Noda, 2004).
4.2. The role of the theta activity in 24-week-old infants during nutritive sucking
We  used the non-nutritive (paciﬁer) control and monitored the behavioral alertness level also when the infants were 24
weeks old, which were not included in our ﬁrst study sample of infant-mother pairs (Lehtonen et al., 2002). Our present
setting thus enables us to show that the theta activation in 24-week-old infants is not a result of plain oral stimulation
(paciﬁer) nor is it a function of drowsiness, since no marked alertness change was found during the FC in infants at this age.
Rhythmic activity in the EEG begins to be prevalent from the age of twelve weeks on as a cue of maturation of networks
that connect cortical and subcortical functions (Buzsaki, 2006; Scher, 1989). The appearance of the rhythmic theta activity
in 24-week-old infants while sucking is a sign of a new development and reorganization of the brain circuits. Its nature is
different from the vital, soothing effects of feeding on the EEG during the newborn period and represents a more mature
phenomenon that does not co-vary with alertness changes (Saby & Marshall, 2012).
Rather than linking to direct physiological effects on the basic regulation brain activity, the theta rhythm is more likely
to be a marker of an embodied affective experience of the infant in connection to the caretaking procedures. A connection to
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xist between theta activity and affective experience has ﬁrst been suggested by Walter (1968) in somewhat older children
han in our sample. He, moreover, showed that theta activity could also connect with unpleasure and not only to pleasure.
The type of theta activity we found during nutritive sucking reminds of Maulsby’s (1971) description of the “hedonic
ypersynchrony”, i.e. of rhythmic theta activity prevalent in temporo-occipital areas in a 9-month-old infant while being
issed, fed from a bottle or looking at pleasant pictures. This type of theta activity was  not related to drowsiness. Our ﬁnding
f the stable alertness level during the FC in 24-week-old infants is in line with this. Moreover, Futagi et al. (1998) have
ound that theta activity occurs in different cortical areas while the infant is sucking, gazing, being held or crying. Infant
heta activity seems therefore to be a general sign of affective experience and not only of satiation and pleasure.
In rodents, theta activity appears in the hippocampus during seeking behavior and similar theta rhythm is also activated
uring dreaming as a marker of an internal seeking process during which reorganization of memory traces takes place
Winson, 2002). Theta activity has also been connected to exploratory behavior and contextual encoding of implicit memory
Klimesch, 2003). In human infants theta activity has been noted as a response to the absence of human objects (blank
aces) probably reﬂecting the activation of an internally directed sustained attention (Bahzenova, Stroganova, Doussard-
oosevelt, Posikera, Porges, 2007; Kessler, 2013; Stroganova, Orekhova, Posikera, 1998). We  suggest that sucking behavior
ay represent a form of primary seeking behavior characteristic to a mammalian offspring that looks for a nursing object
Panksepp, 1998).
The positive effects of breastfeeding on the intelligence development of the infant have mainly been related to favorable
atty acid composition of the breast-milk (Leventakou et al., 2015; Mortensen et al., 2002; Victora et al., 2015). We suggest,
owever, that the direct effects of nutritive sucking, conjointly with the infant-caretaker interactions that are involved, may
ave a share in the long-term affective and cognitive impact of breastfeeding.
. Conclusions
To our knowledge, this is the ﬁrst study to investigate the maturation of the human infant’s brain responses during the
eeding cycle from hunger to non-nutritive and nutritive sucking and the ensuing state of satiety during the ﬁrst 24 weeks of
ife. We  show that the newborn’s nutritive sucking is followed by a signiﬁcant decrease in the EEG power, i.e. a reduction of
he brain activity that is connected with behavioral alertness decline. This effect wanes completely by the age of 12 weeks.
t the age of 24 weeks, nutritive sucking is signiﬁcantly connected with rhythmic activity in the theta frequency band. This
ype of EEG activity has been related to affective experience and object seeking behavior in infants.
We suggest that due to the regular and frequent repetition of the feeding cycle during the ﬁrst weeks and months of
ife, the responses found in the sucking infant’s EEG activity may  leave traces on the physiological regulation of the feeding
nd sleep-wake cycles. Since these effects adjoin to signiﬁcant infant-caretaker interactions, they may  also contribute to the
ensorimotor, affective and cognitive effects of breastfeeding.
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